In this work, the three-dimensional formulation of the Method of Fundamental Solutions (MFS) is applied to model acoustic problems in the frequency domain. This formulation is developed by making use of adequate Green's function defined by the image-source technique, reducing the discretization necessary for the definition of the numerical model. The proposed approach is applied to study the sound attenuation provided by an acoustic attenuating device, consisting of a closed acoustic space located between inlet and outlet tubes. Absorbent properties of the lining materials of the acoustic device, defined using laboratory measurements of their absorption coefficients, are incorporated into the model. The proposed model is verified against reference numerical models based on a boundary integral equation formulation. An experimental validation is also performed, demonstrating that the model adequately simulates the sound propagation under experimental conditions. Numerical applications are then presented to demonstrate the behaviour of the system under different conditions.
INTRODUCTION
The sound field inside closed acoustic spaces is dependent on several factors, such as the excitation frequency of the sound source, its amplitude, its geometry and sound absorption properties. Therefore, several numerical approaches have been developed to deal with this type of problem. Some of these approaches have been applied to the study of attenuating devices that are currently used, for example, in duct systems or in vehicles to reduce the sound emissions and increase user comfort. Indeed, the sound propagation through attenuators is of special practical interest, since these devices are of great importance to reduce the sound that reaches the inhabited spaces within buildings, minimizing the impact of the mechanical noise produced by ventilators and by airflow. Their study has been the subject of research using approaches varying from simplified theoretical formulas based on surface and transfer impedance concepts to much more complex numerical models based on finite elements or boundary elements techniques.
Many analytical and numerical methods were widely used to predict the acoustic attenuation performance of expansion chamber mufflers with the effects of mean flow and higherorder modes (see, for example, the works of Ih and Lee 1 and Ji et al. 2 for further details on these effects in duct systems). Expansion chambers were also analyzed by Selamet and Ji 3 using both analytical, numerical, and experimental techniques for assessing the importance of extended inlets/outlets in the case of circular expansion chambers. Later, Xu et al. 4 analyzed these devices in the presence of internal lining using different absorptive materials, making use of numerical techniques and validating the method experimentally. Kim and Ih 5 also evaluated the performance of lined plenum chambers with rectangular shape, making use of a Rayleigh-Ritz approach. In both works, it was concluded that the thickness and the type of lining play a fundamental role in the final performance of the chamber.
In what concerns silencers or attenuators, usually inserted into HVAC (abbreviation for Heating, Ventilation, Air Conditioning) networks to enable the reduction of noise that reaches climatized spaces, while allowing the adequate air flow through the piping system, many researchers have developed modelling strategies, using different approaches. Some examples are the publications from Wu et al. 6 proposing boundary element formulations for the analysis of packed silencers, from Lee 7 which analyzed in detail the performance of hybrid and dissipative mufflers using the Boundary Element Method (BEM), and from Denia et al. 8 who analyzed the performance of silencers using Finite Element Methods (FEM) and an analytical approach. Many works have also focused on the development of the BEM and its variants for these types of problems, including more intricate acoustic models 9-11 and proposing highly efficient numerical approaches to tackle large scale problems.
12, 13 Recently, Hua et al. 14 demonstrated how transmission and insertion loss for multi-inlet mufflers can be determined using impedance matrix and superposition approaches, and Yang et al. 15 combined the BEM and the point collocation approach to calculate the transmission loss of silencers in the absence of mean flow and temperature gradient.
The development, mostly in the last 20 years, of Meshless Methods has also widened the range of options to simulate sound propagation in that type of configuration. The MFS is one these numerical methods found in the literature. 16, 17 As with the BEM, the MFS is also based on the use of fundamental solutions, which are, themselves, solution of the governing equation of the problem, but not requiring the numerical and
